We investigated the structure of liquid water around cations (Na + ) and anions (Cl − ) confined inside of a (19,0) carbon nanotube with first-principles molecular dynamics and theoretical X-ray absorption spectroscopy (XAS). We found that the ions preferentially reside near the interface between the nanotube and the liquid. Upon confinement, the XAS signal of water molecules surrounding Na + exhibits enhanced preedge and reduced post-edge features with respect to that of pure water, at variance with the solvation shell of Na + in bulk water. Conversely, the first solvation shell of confined Cl − has a main-edge intensity comparable to that of bulk solvated Cl − , likely as a result of a high number of acceptor hydrogen bonds in the first solvation shell. Confined nonsolvating water molecules exhibit bulk-like or water-monomer-like properties, depending on whether they belong to core or interfacial layers, respectively.
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SECTION:
Liquids; Chemical and Dynamical Processes in Solution U nderstanding the complex behavior of water and aqueous solutions in confined environments, 1 such as in cavities and channels, is key for a variety of fields from biology 2−5 to materials science. 6−8 However, many fundamental properties of confined water have yet to be fully understood. 9 For example, both theory 10−13 and experiments 6, 14, 15 have indicated that water in carbon nanotube (CNT) channels exhibits anomalous properties, ranging from fast 6 to slow 14 transport. 15 Singlewalled CNTs are excellent models of confining media found in complex systems, such as biological membrane pores.
Several experimental techniques, including X-ray diffraction (XRD), 16−18 extended X-ray absorption fine structure (EXAFS) spectroscopy, 19 and neutron diffraction 20, 21 have been used to elucidate the coordination number of ions in bulk water. In addition, core-level X-ray absorption spectroscopy (XAS) measurements have provided a detailed view of the nature of ion solvation. 22 In fact, experimental XAS results indicate that the enhancement of pre-and main-edge spectral features of salt solutions with respect to pure liquid water can be ion-specific. Recent neutron diffraction studies of CaCl 2 and MgCl 2 have also pointed out cation-specific features in solution. 23 Molecular dynamics (MD) simulations with classical force fields have been used to study the structure of salt solutions in a variety of conditions, including bulk and nanoconfined media. It is now clear that nonpolarizable force fields tend to overestimate the rigidity and coordination number of the solvation shell of most cations and anions. 17, 24 Furthermore, as pointed out in a recent review, 25 water models parametrized for bulk water may not be transferable to solid−water interfacial systems. For example, conflicting predictions have been reported on the dynamics of liquid between smooth hydrophobic surfaces when different classical models are used. 26−31 Although computationally expensive, ab initio approaches do not rely on empirical parameters and are thus applicable to a wide range of conditions and systems. In particular, firstprinciples MD simulations have successfully predicted experimental coordination numbers for Na +32 and other ions in bulk liquid solutions. Furthermore, the calculation of X-ray absorption spectra of bulk salt solutions 22, 33 using ab initio MD trajectories has recently shown a clear correspondence between the features of the spectrum and local electronic and geometric properties of the liquid, such as ion−water tilt angles and hydrogen-bonding network configurations.
Here, we present the analysis of a first-principles MD simulation of salt water (containing Na + and Cl − ) confined inside of a (19,0) single-walled CNT. We find that the ions are preferentially located near the water−nanotube interface, consistent with previous observations for the air−water interface. 34 We used the calculated XAS of select MD snapshots to uncover the dependence of spectral features on both the orientation of water molecules and the hydrogen-bonding network. We compared the properties of the first solvation shell around Na + and Cl − in confined and liquid-like environments, and we identified differences in the X-ray absorption spectrum of nonsolvating water molecules in a confined environment according to the radial distance from the center of the nanotube.
We adopted the PBE functional and plane wave basis sets, 35 as implemented in the Qbox code, 36 with norm-conserving pseudopotentials (PPs) and a wave function cutoff of 85 Ry. The sodium 2s and 2p electrons were included among the valence states. We used a tetragonal simulation cell (a = b = 21.17 Å, c = 17.06 Å) containing one Na + cation and one Cl . The simulation cell used here originates from the simulations reported in ref 10 , where numerous classical MD runs of water confined by both graphitic sheets and CNTs were carried out in order to accurately determine the equilibrium density of the confined liquid (as described by the SPC/E water model). The final configuration obtained in the classical simulations of water inside of a (19,0) CNT was used to carry out a 23 ps first-principles MD simulation of pure water at elevated temperature (∼400 K). We then removed two of the water molecules from the last configuration of the FPMD run; these molecules were randomly selected from the central water layer and replaced by a sodium and a chloride ion. A 5 ps FPMD simulation was then carried out to equilibrate the newly obtained solution, followed by a 14 ps trajectory, which we analyze below. We note that an elevated temperature was used to avoid overstructuring and slow diffusion of liquid water, which commonly occur when using GGA functionals at ambient temperature and pressure. 37 The results of BOMD simulations of NaCl solvated in bulk water were taken from ref 33 .
X-ray absorption spectra corresponding to the oxygen near-K-edge were calculated for the confined NaCl solution with the method implemented in the Quantum-ESPRESSO code 38 using ultrasoft PPs that, in the case of oxygen, require a cutoff of 25 Ry. The XAS were calculated on water molecules selected from 10 equally spaced snapshots of the trajectories generated for the confined salt water system. For the first solvation shell, this corresponds to 37 molecules sampled around the sodium cation and 31 around the chloride anion, which is consistent with sample sizes used in previous studies. 33, 39 A total of 80 nonsolvating water molecules were selected across the same 10 snapshots to ensure that a range of radial distances from the center of the tube was properly sampled. Spectral properties of the first solvation shell water molecules around Cl − in bulk liquid water were obtained using a comparable procedure, sampling 40 water molecules belonging to 10 snapshots used previously for Na + . 33 In order to mimic the X-ray excitation process that results in the formation of a core hole, the final state of the electronic system was calculated for a snapshot where the PP of one neutral oxygen atom is replaced with a PP representing an oxygen atom with a core hole in its 1s level. 39 The matrix elements between the atomic core level and the excited conduction band were computed using a frozen core approximation. 39−42 The k-point mesh for the XAS calculations was chosen based on previous results 12 to be six k-points evenly spaced along the tube axis. The computed spectrum was aligned with an onset energy of 535 eV associated with the lowest computed transition and broadened by 0.15 eV with a Gaussian line shape (see ref 43 for a detailed discussion of alignment schemes). We note that this approach may yield an approximate and not fully accurate description of the screening of excited states higher than the first one, but such a limitation should not significantly impact our qualitative comparisons of spectral features arising from different water molecules in the liquid.
Both first-principles and classical MD simulations were carried out on confined NaCl solutions in a (19,0) CNT. As illustrated in Figure 1 , the comparison of radial atomic density distributions obtained from first-principles and classical simulations of confined NaCl solutions reveals significant differences. The classical simulations were carried out with nonpolarizable force fields; in those simulations, the Na + and Cl − ions tend to reside near the center of the CNT where they are fully solvated by water molecules. Conversely, in the firstprinciples simulations, the ion distributions are peaked noticeably closer to the nanotube−water interface, with the chloride ion slightly closer to the surface than sodium. This apparent accumulation of ions near the CNT−water interfacial region is similar to what has been observed in classical simulations of the air−water interface 44, 45 and, more recently, of water confined by graphene sheets 46 when ion polarizability is taken into account. There is increasing evidence indicating that interactions between solvated ions and interfaces are strongly influenced by the chaotropic/kosmotropic character of the ions, as well as by the overall hydrophobic/hydrophilic character of the surface. 47, 48 In the case of a salt solution in contact with a hydrophobic surface, strongly solvated kosmotropic ions tend to retain their solvation shell and are repelled by the interface; instead, chaotropic ions, which are more polarizable, can rearrange their electronic distribution to compensate for the penalty associated with losing a water solvation shell as the interface region is approached. The trend shown in Figure 1a is consistent with the view 49, 50 of Na + and Cl − being considered as weakly kosmotropic and chaotropic ions, respectively. 51 In addition, the lack of ion accumulation near the interface when using nonpolarizable potentials ( Figure  1b) is consistent with previous studies that found that anion concentrations near hydrophobic surface-water interfaces strongly depend on the extent to which ion polarization is taken into account. [44] [45] [46] 52 We turn to the discussion of specific orientational effects associated with interfacial water molecules. As shown in the first-principles simulations of ref 10, a specific distribution of O−H tilt angles is found at the interface between water and graphene or water and CNTs (see Figure 2 of ref 10) . We have carried out a similar analysis of the O−H bond tilt angle distribution as a function of the distance from the center of the CNT (see Figure 2 ). For distances 4−5 Å from the center, there is a prominent peak at 75°that corresponds to O−H bonds that are approximately parallel to the CNT surface and a smaller peak at 165°that corresponds to O−H bonds that are pointing toward the surface. For distances closer to the center of the CNT, in the range of 3−4 Å, the most prominent peak smoothly shifts toward larger angles at 115°, and a smaller peak appears at 20°, which corresponds to O−H bonds that are pointing toward the center of the CNT. We emphasize that the overall O−H bond tilt angle distributions shown in Figure 2 are not sensitive to the presence (or absence) of the salt and are primarily properties of the water−CNT interface. The slight preference for the interfacial water molecules to orient an O−H bond toward the CNT surface provides a favorable surface dipole to which a polarizable anion can align.
We now consider the structural changes that the first hydration shell undergoes when salt solutions are placed under confinement. Comparisons of coordination numbers (Table 1) suggest that the average number of water molecules immediately surrounding Na + and Cl − decreases from bulk to the confined environment and that the maximum of the coordination number distributions also decreases, although definite, quantitative statements would require longer simulations, averaged on several samples. Analysis of the distance from Na + or Cl − to the center of mass of the first solvation shell water molecules (Table 1 ) provides a measure of the asymmetrical distortion around the ions. This measure of distortion indicates whether the ions are partially desolvated as asymmetries in the solvation shell are expected to occur when ions reside at an interface or are placed under confinement. The measure of distortion for Na + first solvation shell water molecules is the same in bulk and confined environments, around 0.35 Å. In the bulk, asymmetry of water molecules around Cl − appears to be larger because the distance of the ion to the first solvation shell center of mass is 0.45 Å. This distortion increases significantly (to 0.65 Å) when Cl − is solvated in confined water. The reduced rigidity of the Cl − solvation shell combined with the propensity of the anion to reside near the interface results in an increased distortion of the chloride first solvation shell under confinement, with respect to sodium.
X-ray absorption spectroscopy can provide further valuable insight into how the electronic and geometric structure of water and salt solutions depends on confinement. In particular, theoretical X-ray absorption spectra may be analyzed in terms of features arising from specific ions or from different microenvironments of the water molecules. Following the observation of a distinct inner core of bulk-like and outer shell of water-monomer-like water molecules, we considered the radial dependence of X-ray absorption spectra for water in the (19,0) CNT. Inspection of the radial density distribution of oxygen from the center of the tube outward (Figure 1a) confirms the presence of an inner and outer region, each peaked at around 0 (the center of the tube) and 4 Å, respectively. We also identified a transition region between the inner and outer regions from 1.75 to 2.75 Å consisting of water molecules exchanging between inner and outer regions. As shown in Figure 3 , inner-region water molecules exhibit features relatively close to those previously observed in experimental 22 and calculated theoretical bulk liquid water spectra. 33 The inner region water molecules still exhibit lower postmain-edge intensity and slight enhancement of the pre-edge peak with respect to that of bulk water. 33 Enhancement of preedge peak features typically corresponds to an apparent reduction in hydrogen bonding; 33, 39 in the confined environment, reduced hydrogen bonding is likely due to a lack of interactions beyond nearest neighbors and to frustration induced by the presence of surfaces. The outer-region water molecules have a very prominent pre-edge peak and enhanced first main-edge peak consistent with water molecules with reduced hydrogen bonding. 39 The rate of decline of post-mainedge intensity is also much larger in the outer region. The spectrum associated with the transition region has a decreased pre-edge peak, comparable to that of the inner region, but main-edge and post-main-edge features are more closely related to those of the outer-region spectrum. Because our analysis of the radial atomic density distributions indicates that both Na + and Cl − reside in the outer region, we expect that the features of the XAS of first solvation shell water molecules in the CNT will be distinct from the corresponding ones in bulk solutions.
The averaged spectral features of the solvation shell of Na + in confined water (Figure 4 ) show significant reduction in the main-edge and post-main-edge intensity from previous results on bulk water 39 and salt solutions, 33 indicating that water molecules are in a water-monomer-like microenvironment. Both Na + and Cl − preferentially occupy the interfacial shell of water molecules, which is a region characterized by distinct tilt angles and XAS features corresponding to reduced hydrogen bonding. In the case of Na + , solvating water molecules orient with oxygen atoms toward the cation and hydrogen atoms directed outward, thus forming donating hydrogen bonds with neighboring water molecules. In bulk water, the solvation shell structure around Na + enables the formation of accepting hydrogen bonds as well. We previously observed these acceptor hydrogen bonds to be correlated to enhanced main-edge and post-main-edge peaks. 33 Calculation of hydrogen-bonding configurations of the first solvation shell of Na + under confinement indicates that the dominant contribution is from water molecules without acceptor bonds (Table 2) . We found that water molecules in no-acceptor configurations (0D + 0A and 1D + 0A) are increasing under confinement, while configurations with acceptor hydrogen bonds are decreasing (1D + 1A, 2D + 1A). As mentioned earlier, there is little increase in distortion of the solvation shell from bulk to confinement (see Table 1 ). This relative inflexibility of the solvation shell may cause water molecules to form unfavorable geometries (from a hydrogen bonding point of view) that give rise to narrower XAS features under confinement.
In contrast with Na + , solvating water molecules around Cl − orient with one hydrogen atom toward the anion and oxygen atoms directed outward. This orientation leaves the other hydrogen atom available to donate hydrogen bonds, and the oxygen is accessible to form acceptor bonds. In bulk liquid, the XAS of water molecules in the first solvation shell around Cl − exhibits reduced post-main-edge features corresponding to a smaller number of hydrogen bonds than that in the bulk or within the cation solvation shell. 33 In confinement, however, the spectral features are relatively unchanged ( Figure 5 ), with the post-main-edge peak only slightly decreased and the preedge one slightly increased. In examining how the hydrogen bonding of first solvation shell water molecules around Cl − change from bulk to confinement, we observed an enhancement in some low-hydrogen-bonding (0D + 0A) configurations (Table 2) . However, the number of acceptor hydrogen bonds formed over all configurations is relatively stable, with some increasing (0D + 1A, 0D + 2A) ones. The solvation shell of the chloride anion was observed both to be more distorted than that of the cation in the bulk and to become even more distorted under confinement (see Table 1 ). Analogous to anions at the air−water interface, this change in the chloride ion solvation shell under confinement may be understood in terms of changes in polarization; polarizable anions are stabilized at the interface when they acquire a dipole in the presence of the surface that compensates for a loss of solvation energy and increased electrostatic repulsion. 53 The weaker interactions between chloride and solvating water molecules, with respect to cations, produce nearly equivalent XAS for solvating water molecules in bulk and confinement. This observation is also consistent with previous classical, polarizable force field simulations that suggested that the underlying mechanisms that lead to preference for Cl − accumulation near a hydrophobic interface are more complicated than simple polarizability arguments and involve an enhancement of water− water interactions. 52 In summary, we have presented predictions of the structural and electronic properties of salt water confined inside of a CNT. Our first-principles MD and calculated X-ray absorption spectra revealed the presence of two distinct shells of water molecules in the nanotube, an inner "bulk-like" core and an outer interfacial shell resembling the air−water interface. We have shown that both sodium cations and chloride anions preferentially occupy the interfacial region, with chloride ions residing farthest from the center of the nanotube. Confinement has a stronger effect on the relative distortion of the flexible chloride solvation shell than on the more rigid sodium shell. The flexibility around chloride permits first solvation shell water molecules to form roughly the same number of acceptor hydrogen bonds with nearest-neighbor water molecules in the bulk or under confinement, thus giving rise to essentially environment-independent XAS features. The rigidity of the sodium solvation shell, on the other hand, results in a strong decrease in the number of acceptor bonds from bulk to confinement, producing a significantly more water-monomerlike XAS for first solvation shell water molecules in confinement. In general, hydrogen-bonding effects play a much larger role in determining XAS features than subtler, interface-driven differences in the tilt angle orientation of water molecules. Our results, obtained with first-principles methods, strongly support the need to account for polarizability when describing aqueous salt solutions near a hydrophobic interface and provide important predictions for comparison to future experimental measurements.
